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ABSTRACT
Direct collapse black hole (DCBH) formation with mass & 105 M is a promising
scenario for the origin of high-redshift supermassive black holes. It has usually been
supposed that the DCBH can only form in the primordial gas since the metal enrich-
ment enhances the cooling ability and causes the fragmentation into smaller pieces.
What actually happens in such an environment, however, has not been explored in
detail. Here, we study the impact of the metal enrichment on the clouds, conducting
hydrodynamical simulations to follow the cloud evolution in cases with different de-
gree of the metal enrichment Z/Z = 10−6 − 10−3. Below Z/Z = 10−6, metallicity
has no effect and supermassive stars form along with a small number of low-mass
stars. With more metallicity Z/Z>∼ 5× 10−6, although the dust cooling indeed pro-
motes fragmentation of the cloud core and produces about a few thousand low-mass
stars, the accreting flow preferentially feeds the gas to the central massive stars, which
grows supermassive as in the primordial case. We term this formation mode as the
super competitive accretion, where only the central few stars grow supermassive while
a large number of other stars are competing for the gas reservoir. Once the metallicity
exceeds 10−3 Z and metal-line cooling becomes operative, the central star cannot
grow supermassive due to lowered accretion rate. Supermassive star formation by the
super competitive accretion opens up a new window for seed BHs, which relaxes the
condition on metallicity and enhances the seed BH abundance.
Key words: (stars:) formation – (stars:) Population III – (quasars:) supermassive
black holes
1 INTRODUCTION
Recent high-redshift quasar surveys uncovered a large pop-
ulation of the supermassive black holes (SMBHs) at z & 6,
i.e., when the age of universe was less than 800 million years
(e.g. Mortlock et al. 2011; Wu et al. 2015; Matsuoka et al.
2016; Venemans et al. 2016; Ban˜ados et al. 2018; Onoue et al.
2019). Such short timescale poses a challenge on their for-
mation scenarios. A natural candidate for seed black holes
(BHs) are the first-star remnants, which were considered to
be very massive ranging from a few 10 to a few 100 M
(Alvarez et al. 2009; Hosokawa et al. 2012, 2016; Johnson
et al. 2014; Hirano et al. 2014, 2015; Susa et al. 2014; Stacy
et al. 2016). Even for the object at the top end of the mass
spectrum ∼ 103 M the Eddington-limited accretion must
be maintained to reach observed SMBH masses of 109 M
by z ' 6. Duty cycle close to unity for over several orders
of magnitude in mass seems improbable on the basis that
radiation feedback from the accreting BHs easily quenches
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the efficient mass accretion (Milosavljevic´ et al. 2009; Park
& Ricotti 2011; Sugimura et al. 2018). More massive seeds
are desirable as the origin of SMBHs.
Formation of massive seeds is accomplished via the so-
called direct collapse (DC) (e.g. Volonteri 2010; Haiman
2013; Inayoshi et al. 2019, for review), where a supermassive
star (SMS) forms first and then collapses by post-Newtonian
instability to a BH with mass of 105 − 106 M (Shibata &
Shapiro 2002; Umeda et al. 2016; Uchida et al. 2017). Sup-
pression of H2 cooling in the primordial gas is the key for
this mechanism to work (e.g. Bromm & Loeb 2003). In this
case, clouds in massive enough halos collapse isothermally
at ∼ 8000 K via atomic cooling (Omukai 2001) and almost
monolithically without major episode of fragmentation (In-
ayoshi et al. 2014; Becerra et al. 2015). A protostar forms
at the center and grows rapidly by accreting the surround-
ing gas at a rate 0.1–1 M yr−1. Such vigorous accretion
makes the star inflate in radius as if it were a red giant star,
which hardly emits ionizing radiation (Omukai & Palla 2003;
Hosokawa et al. 2012, 2013; Schleicher et al. 2013; Haem-
merle´ et al. 2018). Radiation feedback onto the surrounding
c© 2019 The Authors
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flow being negligible, the accretion continues until the star
becomes supermassive and directly collapses to a BH (e.g.
Chon et al. 2018).
Among candidate sites for the DC, most widely studied
are metal-free atomic-cooling halos irradiated with intense
far-ultraviolet (FUV) radiation from neighboring halos (e.g.
Dijkstra et al. 2008; Chon et al. 2016; Chon & Latif 2017;
Regan et al. 2017; Maio et al. 2019). Required level of FUV
radiation, however, turned out to be too high (e.g. Shang
et al. 2010; Wolcott-Green et al. 2011; Sugimura et al. 2014)
to account for all the seeds of SMBHs ubiquitously residing
in galaxies in the present-day universe although this mech-
anism may be able to explain the existence of very high-z
rare SMBHs. Other environments for DC have also been
proposed including dense clouds experiencing shock heating
(Inayoshi & Omukai 2012), halos with large streaming mo-
tions between baryon and dark matter (Hirano et al. 2017),
halos subject to strong dynamical heating due to frequent
mergers (Wise et al. 2019), etc.. Those mechanisms, how-
ever, more or less share common short comings with the
FUV scenario: the expected number of seeds can account
for only a small number of rare high-z SMBHs, rather than
being universal origin for all the SMBHs.
It has been believed that the DC takes place only in
a primordial gas since in a gas with even slight metal en-
richment vigorous fragmentation due to dust cooling leads
to formation of a star cluster, rather than an SMS (Omukai
et al. 2008; Latif et al. 2016). Although a very massive star
could form through runaway collision of stars in a dense star
cluster, its mass is predicted to be at most 103 M (Katz
et al. 2015; Sakurai et al. 2017; Reinoso et al. 2018), not
well enough as a seed for high-z SMBHs. One important as-
pect, the presence of a massive gas inflow, however, has been
missed in the those N -body stellar dynamics calculations.
In this paper, we investigate star cluster formation in
clouds both with slight metal enrichment and with strong
FUV irradiation to find out how massive the stars become
both by gas accretion and merger. By way of high-resolution
three dimensional simulation resolving down to the ∼au
scale and introducing sink particles for stars, we follow the
entire evolution of the collapse and fragmentation of the
cloud, and long-term evolution of the stellar system and
mergers among the members. We indeed observed that vig-
orous fragmentation occurs once the dust cooling becomes
effective at Z/Z & 5× 10−6. Nevertheless, the central star
grows to supermassive in a runaway fashion via combina-
tion of gas accretion and stellar mergers. The evolution of
the central star is almost the same as what is envisaged
in the DC scenario despite the metal enrichment. Above
Z/Z ∼ 10−3, the central stars cannot grow supermassive
any more as the metal-line cooling prohibits the formation
of SMS by lowering the accretion rate. Recently, Tagawa
et al. (2019) also claimed from analytical argument that the
central star forming in a dense star cluster grows via the
gas accretion as well as the stellar collision and becomes an
SMS of 104–105 M. The result of our numerical calculation
agrees with their expectation.
This paper is organized as follows. We describe the nu-
merical methods in Section 2. In Section 3, we present our
main results. In Section 4, we discuss uncertainties and im-
plications of our results. Finally, summary and concluding
remarks are given in Section 5.
Z/Z8 = 10-6
5×10-6
10-5
10-4
10-3
Figure 1. The temperature as a function of density, or the equa-
tion of state, used in our calculation. We adopt the results ob-
tained by the one-zone calculations for the five different metal-
licities with Z/Z = 10−3 (purple), 10−4 (red), 10−5 (blue),
5 × 10−6 (green), and 10−6 (grey) under the strong FUV radia-
tion (Omukai et al. 2008). The bold circles indicate the thresh-
old density nad, above which we switch to the stiff (“adiabatic”)
equation of state, p ∝ ρ5/3.
2 METHODOLOGY
We perform a suite of hydrodynamics simulations using
the smoothed particle hydrodynamic (SPH) code, Gadget-2
(Springel 2005). We extract the volume around the halo la-
beled “Spherical Cloud” from the cosmological simulation of
Chon et al. (2018) as the initial condition of our calculation.
This halo is suitable for this study, in a sense that it is a typi-
cal DC site, which is located close to a luminous galaxy and
irradiated by an intense UV radiation. Chon et al. (2018)
in fact have found SMS formation occurring via the DC in
this halo in the case of metal-free composition. Here, we will
investigate the impact of the metal pollution on the cloud
evolution.
Our initial simulation volume contains the gas particles
inside 7 × 106 au from the cloud center. After the central
protostar is formed, we extract again the particles inside
105 au, containing the total gas mass of ∼ 2× 104 M, and
resume the calculation. We conduct particle splitting fol-
lowing Kitsionas & Whitworth (2002), to resolve the Jeans
length with sufficient resolution (Truelove et al. 1997). The
splittings are performed at the four refinement densities of
106, 108, 1010, and 1014 cm−3. The initial particle mass is
1.6 M, while the particle mass in the highest splitting level
is 5.5×10−5 M. This assures us to safely resolve the form-
ing protostellar cores.
The equation of state (EoS) of the gas is assumed to
follow the barotropic relation, i.e., the pressure is given by
a function of the gas density, which is pre-calculated by the
one-zone model (Omukai et al. 2008), where the clouds with
different metallicities are irradiated by sufficiently strong
FUV radiation for DC. The temperature remains about
8000 K by the atomic cooling as the molecular hydrogen is
dissociated until metal-line or dust cooling effect takes place.
Fig. 1 shows the adopted temperature evolution as a func-
tion of density for five metallicities studied, Z/Z = 10−3
MNRAS 000, 1–?? (2019)
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Figure 2. Density distribution around the cloud center just before the formation of the primary sink particle for metallicities Z/Z =
10−5 (upper) and 10−3 (bottom panels).
(purple), 10−4 (red), 10−5 (blue), 5×10−6 (green), and 10−6
(grey). Note that the EoS with Z/Z = 10−6 is identical to
that of the primordial one. The case with 5× 10−6 Z cor-
responds to the threshold metallicity, above which the dust
cooling makes the temperature suddenly drop at high den-
sity & 1010 cm−3. With metallicity as high as Z/Z = 10−3,
the temperature drops at a low density ∼ 104 cm−3 due to
the metal-line cooling. Above a high enough density ρad,
shown by solid circles denoted in Fig. 1, we set the EoS
stiff or “adiabatic” as p ∝ ρ5/3, where p and ρ are the gas
pressure and the density, respectively, to avoid very short
time step at very dense collapsed regions. The numerical
values for nad ≡ ρad/mp are 1015 cm−3 for the metallic-
ities with Z/Z = 10−3, 10−4, 10−5, and 5 × 10−6 and
nad = 10
16 cm−3 for Z/Z = 10−6, where mp is the proton
mass. Radiative feedback from the stars is not important
in our calculation except in few cases due to high accretion
rate and/or small mass of stars and not taken into account
(see discussion).
Once the density exceeds ρsink, we introduce a sink par-
ticle assuming the protostar is formed there. The sink parti-
cles are created at the density ρsink = 20ρad, with its initial
radius of 1 au, which assures the sinks to be placed only at
self-gravitating cores. Protostars accreting at rates higher
than 0.04 Myr−1 inflate in radii with
R∗ = 12 au
(
M∗
100 M
)1/2
, (1)
where M∗ is the mass of the star (Hosokawa et al. 2013).
We set the sink radius to be R∗ if the accretion rate is
higher than 0.04 M yr−1. We allow the sink particles to
merge each other once the separation between them becomes
smaller than the sum of the sink radii.
3 RESULTS
3.1 Early evolution: cloud collapse until the
protostar formation
The way that the cloud collapse proceeds depends largely on
whether the metal-line or dust cooling becomes important
at some density. Fig. 2 shows morphology of the clouds with
Z/Z = 10−5 (top) and 10−3 (bottom) when the maximum
density reaches n = 1016 cm−3 and the first sink is forming.
The former is an example of cases with only dust cooling,
while the latter is that with both the dust and metal-line
cooling. The first sink formed in each run, which will also
grow to the most massive one, is referred to as the “primary
star”, hereafter.
MNRAS 000, 1–?? (2019)
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Figure 3. Density distribution around the primary sink particle for metallicities Z/Z = 10−6, 5× 10−6, 10−4, and 10−3 (from top to
bottom). The result of the case with Z/Z = 10−5 is very similar to that of 10−4 and we do not present it here. Rows represent the
time sequences at t = 0, i.e., the epoch of the primary sink formation, 300, and 600 years after that. Black circles represent massive sink
particles with M∗ > 10 M, while white ones those with lower mass M∗ < 10 M.
First, let us see the case of Z/Z = 10−5. The overall
morphology of the collapsing clouds is very similar among
the cases with metallicity Z/Z . 10−4, where the metal-
line cooling is absent although dust cooling becomes effec-
tive at high densities ∼ 1010 cm−3 except the case with
Z/Z = 10−6. The cloud initially maintains spherical shape.
Once the dust cooling becomes operative, it then starts to
be elongated and becomes filamentary in shape (panel c) as
a result of rapid growth of bar-mode density perturbations
in the case of decreasing temperature with increasing den-
sity (e.g. Tsuribe & Omukai 2006; Chiaki et al. 2016; Chon
et al. 2018).
With metallicity Z/Z = 10−3, the metal-line cooling
becomes effective at much lower density ∼ 104 cm−3. As
a result of this, the cloud fragments at much lower density
with a scale of & pc (panel a). The density distribution at
MNRAS 000, 1–?? (2019)
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smaller scales < 104 au is also dramatically changed: the
size of the central dense core becomes much smaller and the
density in the surroundings much lower, which will result
in lower accretion rate onto the primary protostar after its
formation (see Section 3.2).
3.2 Late evolution: star cluster formation
We then describe the evolution after the primary star for-
mation until the end of our calculation, i.e., 104 years after
its formation. Fig. 3 shows the density distributions around
the primary star at t = 0, 300, and 600 years after its for-
mation for metallicities Z/Z = 10−6, 5 × 10−6, 10−4, and
10−3. The case with Z/Z = 10−5 is very similar to that
with 10−4 and not presented here. Fig. 4 shows the evolution
of (a) the mass of the primary star, (b) the mass accretion
rate onto the primary star, (c) the total mass of stars, and
(d) the number of stars still surviving, as functions of time
after the primary star formation for all the five metallicities
studied.
Overall evolutionary features can be summarized as fol-
lows:
(i) With metallicity as low as 10−6 Z (top row), the
temperature evolution being identical as in the primordial
case, only a small number of fragments are formed in the
circumstellar disk, as in the ordinary DC cases (e.g. Latif
et al. 2013; Inayoshi et al. 2014; Sakurai et al. 2016; Shlos-
man et al. 2016; Chon et al. 2018; Luo et al. 2018; Mat-
sukoba et al. 2019). The primary star grows to the mass of
∼ 104 M in 104 years.
(ii) With slight metal-enrichment (second and third
rows), the dust cooling becomes important at high density
and induces fragmentation of the circumstellar disks (e.g.
Clark et al. 2008; Dopcke et al. 2013; Tanaka & Omukai
2014). The density structure is modified only at scales
smaller than 100 au and it remains very similar to that
in the DC case at larger scales. The mass of the primary
star reaches ∼ 104 M also in this calculation. The num-
ber of stars increases with increasing metallicity from 600 at
5× 10−6 Z to 4000 at 10−4 Z.
(iii) When the metallicity becomes as high as 10−3 Z
(bottom row), the metal-line cooling becomes effective at
density & 104 cm−3. This results in the reduction of the
accretion rate by about two orders of magnitude and the
primary stellar mass is also reduced to 350 M.
Next, we describe the evolution in each case in more
detail:
In case (i) with metallicity 10−6 Z, the primary star
efficiently grows in mass at a rate of 1–10 M yr−1 and
attains the mass of 8000 M at t = 104 years. The circum-
stellar disk forms around the primary star at t = 300 years,
and then fragments by the gravitational instability, form-
ing multiple stars. Around 80 stars have been formed by
t = 104 years. Eventually a few fragments grow massive and
form a stable binary system with the primary star. This
picture is consistent with the previous calculation by Chon
et al. (2018), who start calculation from the same initial con-
dition and find that an SMS binary system is formed in this
sample. We note, however, that since our simulation here has
higher spatial resolution and is able to capture finer struc-
tures around the protostars, the number of the stars formed
is also larger than Chon et al. (2018)’s result (e.g. Machida
& Doi 2013; Susa 2019).
In case (ii) with metallicity 5×10−6 Z−10−4 Z, the
behaviors shown in panels (a)-(c) are very similar to each
other and also to the DC case (i) of 10−6 Z. The mass of
the primary star reaches 6 − 8 × 103 M by t = 104 years
with accretion rate 1–10 Myr−1, and the total stellar mass
is a few times larger than the primary star mass. This re-
flects the fact that the large-scale density structure of 104
– 105 au in those cases is similar to the primordial DC case
as the dust cooling only affects the density structures in
smaller-scale dense regions. In a few hundred years after the
primary star formation, a filamentary structure begins to
develop in a compact region of ∼ 100 au due to the dust
cooling (middle column of Fig. 3 at 300 years). The gas is
supplied to the primary star through this filament. Although
fragmentation of the filament produces a number of stars,
most of them move along the filamentary flow toward the
center and then merge with the central star. Since the dy-
namical timescale at the fragmentation scale is very short
(. 103 years), the conversion efficiency from the gas to the
star is mainly determined by the large-scale gas flow with
the longer timescale (Li et al. 2003). As a result, the cen-
tral primary star efficiently grows in mass despite vigorous
fragmentation in the accreting flows due to the dust cooling.
The filamentary flow, which is twisted due to the an-
gular momentum of the cloud, brings the angular momen-
tum to the central region and the circumstellar disk emerges
around the primary star (t = 600 years). As the mass accu-
mulates, the disk fragments by the gravitational instability.
The number of fragments depends strongly on the metal-
licity: only a few fragments are formed in the case with
Z/Z = 10−6, while almost one hundred fragments appear
in the case with 10−4 by t = 600 years (Fig. 4 d) as a result
of more efficient dust cooling. The fate of fragments formed
in the disk is manifold: some migrate inward and quickly
merge with the central star while others survive and grow
somewhat by accretion of the gas avoiding merger. Most of
those survivors are ejected from the disk by the tidal interac-
tion with the primary star while they are still low mass, and
they cannot grow anymore after that. Therefore, their for-
mation and presence will not be an obstacle for the growth
of the central stars, which continue to efficiently acquire the
accreting gas.
With metallicity as high as 10−3 Z (case iii), both the
mass of the formed stars and the accretion rate onto them
become drastically reduced (Fig. 4 a-c). The primary-star
mass reaches only 350 M by t = 104 years, far below those
in the lower metallicity cases of 104 M. The total stellar
mass is also an order of magnitude smaller. This is due to
the small mass growth rate: it is initially ∼ 0.1 M yr−1,
but soon declines to ∼ 0.01 M yr−1 at t & 2000 years. At
this stage, the mass growth proceeds mainly by the stellar
merger. This small accretion rate comes from the lower tem-
perature at n & 104 cm−3 by the metal-line cooling since the
accretion rate is related to the temperature T as∝ T 3/2 (Shu
1977). In fact, the accretion flow at ∼ pc scale is largely af-
fected, resulting in the reduced inflow rate into the central
region. Although the dust cooling induces fragmentation at
n & 1010 cm−3, the number of stars remains at most several
hundred, much smaller than in the cases with Z/Z = 10−5
MNRAS 000, 1–?? (2019)
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Figure 4. Time evolution of (a) the primary star mass, (b) the
mass accretion rate onto the primary star, (c) the total mass of
stars, and (d) the number of the stars present in the system for
the cases with Z/Z = 10−3 (purple), 10−4 (red), 10−5 (blue),
5×10−6 (green), and 10−6 Z (grey). The time is measured since
the primary sink formation.
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Figure 5. How the primary star acquired mass in cases with
different metallicities. The fractions of mass that the primary star
obtained by stellar merger with the small stars (M∗ < 100 M;
blue) and with the massive stars (M∗ > 100 M; green), and by
gas accretion (red) are shown.
and 10−4 (Fig. 4d). The final outcome would resemble what
has been envisaged as a high-z dense star cluster in the lit-
eratures (e.g. Omukai et al. 2008; Katz et al. 2015; Sakurai
et al. 2017; Reinoso et al. 2018).
Fig. 5 represents the fractions of mass that the primary
star acquires through the following three ways: gas accretion
(red), merger with massive stars (M∗/M > 100: green),
and merger with small stars (M∗/M < 100: blue). We
can see that the fraction of mass acquired by merger (ac-
cretion) increases (decreases, respectively) with metallicity.
Note that merger with massive stars tends to be caused by
coalescence of tight binaries with the initial separation of
several 10 au when one or both of member star(s) accrete at
high rate and inflate in radii. This process is rather stochas-
tic and has no clear trend with metallicity.
The mass spectra of the stars surviving at the end of
our calculation (t = 104 years) is presented in Fig. 6.
First let us see the top end of the mass spectra. In the
case of 10−6 Z, supermassive binary stars with ∼ 104 M
are formed by the DC. In slightly metal-enriched cases of
5 × 10−6, 10−5, and 10−4 Z, we can still see the existence
of supermassive stars with ∼ 104 M. Those components
contain the primary star and its binary companions, which
forms as a result of disk fragmentation. Some of them merge
with the primary star. Once the companion manages to sur-
vive for several orbits, however, it can grow more in mass
than the primary does until their mass ratio becomes close to
unity and the massive binary system emerges. This system
dominates the gravitational potential of the star clusters and
thus is preferentially fed by the large-scale accretion flow. In
some cases, although fragmentation occurs in the flow, the
small fragments do not affect the global flow pattern and
most of them are eventually eaten up by the central objects.
With 10−3 Z, the most massive objects reach at most a
few 100 M due to the lower accretion rate. They are also
a binary with a companion being formed via fragmentation
of the filamentary flow.
MNRAS 000, 1–?? (2019)
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Next, we see mass distribution of the large majority of
stars with smaller masses. In the case of 10−6 Z, along with
the supermassive binary stars, about a hundred of less mas-
sive stars are formed by disk fragmentation with a rather flat
mass distribution peaking around 10 M. In higher metal-
licity cases, fragmentation caused by the dust cooling leads
to the universal mass spectrum of low-mass components
(M∗ . 100 M), which has a peak around 0.1–1 M and
decreases toward higher masses with the power-law fashion:
dN
d logM∗
∝M−1∗ . (2)
Note that this power-law exponent agrees with that found by
Bonnell et al. (2001) for the so-called competitive accretion,
where forming protostars compete each other for their share
of the surrounding gas by the Bondi-like accretion. Since the
mass spectrum at Z/Z = 10−3 is also similar to those at
lower metallicity regardless of the effect of metal-line cool-
ing, we infer that this universal shape originates from the
dust-induced fragmentation. The fact that the peak mass
roughly corresponds to the Jeans mass at nad, which slightly
decreases with increasing metallicity, indicates the validity
of this interpretation.
4 DISCUSSION
Our results show that the central stellar system efficiently
acquires mass and SMSs are likely to form when the metal-
licity is . 10−4 Z. Here the gas preferentially accretes onto
the most massive stars. Even when fragments are produced
by the dust cooling, they move with the inflowing gas and
finally merge with the central stars. For this reason, the pri-
mary stellar mass growth is almost independent of the cloud
metallicity as long as the metal-line cooling has negligible
effect. This also explains why the mass growth rate due to
the stellar collision is much larger than those by the run-
away collision inside the dense star clusters, which is driven
by the two-body relaxation (e.g. Portegies Zwart et al. 2004;
Sakurai et al. 2017; Reinoso et al. 2018). As our results indi-
cate, the collision time-scale is an order of the free-fall time,
much shorter than that of the two-body relaxation.
Inflation of the stellar radius by accretion also promotes
the stellar merger and thus the stellar mass growth. Accord-
ing to eq. (1), the stellar radius becomes several 10 au at the
initial 103 years, which exceeds the Jeans length, an order of
a few au at the protostar formation. Since a fragment formed
in the disk tends to migrate to an orbit about a Jeans length
from the central star via the interaction with the gas (Chon
& Hosokawa 2019), most of the fragments formed in the
disk end up merging with the central star. This has already
been reported by Sakurai et al. (2016) in the case of SMS
formation in the primordial gas.
A potential obstacle for stars to continue growing by
accretion is the radiative feedback, which has been omitted
in our calculation. In our simulations with Z/Z . 10−4,
where the primary stars are expected to grow supermassive,
they are always accreting the gas at a rate & 0.1 M yr−1.
Stars with such a high accretion rate inflate in radii and their
surface temperature remains as low as several 1000 K. Its
UV emissivity would be too small to ionize the surrounding
gas (Hosokawa et al. 2012, 2013; Sakurai et al. 2015). Lower-
mass stars withM∗ < 103 M tend to have smaller accretion
MNRAS 000, 1–?? (2019)
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rate in our simulation and some of them might experience
the Kelvin-Helmholtz contraction and become the main se-
quence stars. However, we expect their radiative feedback
would have negligibly small impact on the accreting flow be-
cause of their smaller mass and thus the luminosity (Chon
et al. 2018).
We have terminated our calculation at 104 years after
the primary star formation. The stars are still growing by
accretion at the end of calculation, and the stellar growth is
expected to continue further. To determine the final mass of
the forming SMSs and their remnant BHs, we need to fol-
low the evolution for another million years, until the stars
collapse either by the post-Newtonian instability or by ex-
hausting the nuclear fuel. In the case of SMS formation by
direct collapse in the primordial environment, long-term evo-
lution has been followed by several authors (e.g. Latif et al.
2013; Sakurai et al. 2016; Shlosman et al. 2016; Chon et al.
2018). In their simulations, high-density regions are masked
by the sink particles to save the computational costs. Those
results show that rapid mass accretion indeed continues for
∼million years, as a large amount of gas is trapped around
the central massive stars. We thus expect that our primary
stars will follow similar paths of evolution and eventually
grow to SMSs as in the primordial cases (e.g. Latif et al.
2013).
In the case of Z/Z = 10−3, where the metal-line cool-
ing has a significant effect, the typical accretion rate is
smaller than 0.01 Myr−1 and the stellar feedback would
be important before reaching our nominal mass (350 M)
of the primary star. As the star contracts to the main se-
quence at about 100 M, the ionizing photon emissivity
increases rapidly (Omukai & Palla 2003). The surrounding
gas will be photoionized and further accretion is quenched.
In this case, the likely outcome would be a dense stellar
cluster with the maximum stellar mass of ∼ 100 M. This
may provide the initial conditions for dynamical evolution of
dense stellar clusters, where the most massive star is found
to grow further by stellar merger to several 100 M by way
of the N -body calculations (Katz et al. 2015; Sakurai et al.
2016; Reinoso et al. 2018; Boekholt et al. 2018). To deter-
mine detailed structure of the cluster, we need to know how
the stellar feedback halts the accretion flow. Since our mo-
tivation in this paper is to examine the possibility of SMS
formation, we leave this issue for a future study.
Previously it has been postulated that the SMS forma-
tion by DC is only possible in atomic cooling halos both
with intense FUV irradiation and with primordial gas com-
position. Here we have shown that SMSs can form also in
slightly metal-enriched cases as long as FUV irradiation is
intense enough. This relaxation of the condition will increase
the expected number density of massive seed BHs. Several
authors have estimated the number density of such seeds
formed in the usual DC scenario, which requires metal-free
gas composition. Using the critical intensity advocated by
recent studies (Sugimura et al. 2014; Agarwal et al. 2014;
Inayoshi & Tanaka 2015), this ranges from a few Gpc−3
(e.g. Dijkstra et al. 2008, 2014) to 10−6 – 10−4 Mpc−3 (e.g.
Agarwal et al. 2012; Chon et al. 2016; Habouzit et al. 2016;
Valiante et al. 2016). Although those seeds can account for
rare BHs in the high-z universe, they fail to be as abundant
as all the SMBHs ubiquitously residing in massive galax-
ies, ∼ 0.01–0.1 Mpc−3 (Aller & Richstone 2002; Davis et al.
2014). The DC in the primordial environment is terminated
around z ∼ 10, as the metal enrichment proceeds (e.g. Trenti
& Stiavelli 2009; Chon et al. 2016): once a Pop III star ends
its life as a core-collapse SN, metallicity inside the host halo
jumps up to 10−4–10−3 Z (e.g. Maio et al. 2010; Ritter
et al. 2015; Sluder et al. 2016; Chiaki et al. 2018). Our cal-
culation demonstrated the SMS formation can continue even
in a cloud with slight metal-enrichment at later cosmic time.
For example, the first episode of star formation delays an-
other star formation for a few hundred million years by the
radiative and SNe mechanical feedback, which ejects a gas
from the halo. If the halos approach close enough to a lumi-
nous galaxy before another episode of star formation, they
can be ideal sites for SMS formation. Not only the radiation
sources outside the halo, but also those inside the same halo
can trigger SMS formation in an irradiated massive cloud as
long as the metallicity is low enough. With such new vari-
eties of SMS formation sites, the expected seed BH number
will be largely enhanced. We will pursue the validity of this
scenario using samples from the cosmological simulations in
the future studies.
5 SUMMARY
The direct collapse of a cloud is believed to occur, leading
to formation of a supermassive star in an atomically cool-
ing halo irradiated by strong FUV radiation in the early
universe, if the gas is still in the metal-free pristine compo-
sition. We have investigated the impact of metal enrichment
on star formation in such halos. To this end, we have per-
formed hydrodynamical simulations for five different metal-
licities Z/Z = 10−6, 5 × 10−6, 10−5, 10−4, and 10−3, by
using the temperature evolution pre-calculated by one-zone
models. Starting from a cosmological halo found in Chon
et al. (2016), we have followed the evolution for 104 years
after the first protostar is formed at the cloud center.
In almost primordial gas Z/Z = 10−6, metal-cooling
has no effect and the direct collapse ensues, resulting in su-
permassive star formation with accretion rate ∼ 1 M yr−1.
With slight metal enrichment (Z/Z = 5× 10−6, 10−5,
10−4), clouds fragment by the dust cooling, which makes the
temperature drop from several thousand to several hundred
K at high density (& 1010 cm−3), and thousands of stars are
indeed formed. Majority of them, however, either merge with
the central star or are ejected from the system. As a result,
the mass growth history of the central dominant star is not
altered from the direct collapse case and a supermassive star
will be formed along with a large number of small stars. This
is similar to the so-called competitive accretion, which has
been observed in some numerical simulations of present-day
star cluster formation, but much more scaled-up version. So
we term it as the super-competitive accretion.
There is a transition in star-cluster formation mode
at higher metallicity. Once the metallicity becomes as high
as Z/Z = 10−3, temperature becomes already as low as
100 K for & 105 cm−3 by the metal-line cooling. Due to
the reduced accretion rate ∼ 10−2 M yr−1, the most
massive star falls short of becoming supermassive, while
the smaller stars are continuously formed and grow by
accretion as envisaged in the ordinary competitive accretion.
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